code with calls to a library that provide run-time support for optimistic parallel execution. The proposed system is able to translate sequential DES programs into parallel programs automatically.
The simulated performance data derived from our experiments show that for several applications, parallelism is available to oer signicant speedups. However, program transformations may be required to exploit parallelism in certain circumstances. We observed that techniques developed for parallelizing compilers to unfold DO-loops can provide signicant benets in some situations.
The experiments also indicate that performance is sensitive to overheads, and that in in some cases, speedup may decline as more processors are added. This suggests that new mechanisms to reduce the overhead of STM access and rollback are required. There are several possibilities. For example, a cache can be used to reduce the cost of STM accesses. Another possible approach is to assign the rollback overhead to the processor that is furthest ahead in simulated time, thereby allowing the slowest processor to advance more rapidly through the simulation. The extent that these mechanisms can alleviate the overhead problem is currently under investigation. expensive compared to the event computation in this example. For instance, it takes the same amount of (assumed) execution time to log and un-log an STM access. It also takes the same amount of time to schedule and un-schedule an event. For an event that has majority of its computation in STM access and event scheduling, the cost to rollback is almost as expensive as its computation. The overall execution time for more processor will eventually exceed that of less processors when rollback overheads outweigh event computation. In addition, these experiments assume that the processor that caused the rollback is responsible for performing the necessary work in undoing incorrect computations. Because this processor is often \behind" in the simulation computation, better eciency might be obtained by assigning this task to some other processor. In this paper, a system is proposed to adapt sequential discrete event simulation programs to a parallel platform based on optimistic execution. A standard framework including a set of simulation primitives is dened. We then show how these primitives can be parallelized with optimistic synchronization.
A prototype simulator was developed to implement the proposed system. The simulator includes a translator that transforms SIMSCRIPT II.5 programs into equivalent C So far, we have only presented the potential speedup that can be obtained when overhead is negligible. Additional experiments were conducted that include overhead of STM accesses and rollback. The speedup curves reveal that performance is very sensitive to overheads. For example, the observed speedups of the hypercube network benchmark is signicantly degraded even if moderate overheads are assumed. In gure 11, we show speedup versus the number of processors, assuming that it takes one unit of simulated time to un-log each STM access and un-schedule each event, and one unit of time to access STM. Thus, the cost to roll back an event is proportional to the amount of computation to be undone. In these experiments, the speedup declines as the number of processors increases. This is because more rollbacks occur as more processors are used. Because there are no inter-loop dependencies, the for statement can immediately be converted to a for-all statement allowing several light control events to be executed concurrently. Two experiments with dierent problem sizes were performed. The rst has a street map consisting of 323 intersections, and the second a 929 intersections. As we can see (gure 9), the potential speedups in both cases are very poor. This is because the simulation program was written with a centralized light control process, that sequentializes the execution by changing the status of every trac light. Therefore, the parallelism in the original application was only slightly more than 2 { derived from the independence between the car generation process, and the light control process.
A restructuring of the trac benchmark was performed to improve the parallelism.
Rather than using a single process to control the lights at all intersections, a separate process could be used for each intersection. With such transformation, not every car process has to interact with the same light control process as before. Therefore, the parallelism in the program is proportional to the number of intersections (i.e., the number of light control processes). The potential speedup is shown in gure 10.
Although the above transformation was performed manually in our experiments, it could be automated. The optimization is similar to that commonly used in parallelizing compilers for concurrent execution of DO-loops. The original trac light code was dened as followed:
This process-oriented simulation models the activities in an ocean containing two types of creatures: sh and sharks [4] . The ocean is divided into a two-dimensional matrix of sectors with toroidal wrap around connections at the edges. Sharks swim faster than sh, and can attack sh, but not each other. The benchmark was designed to capture behaviors found in combat simulation models.
In this simulator, each creature is modeled as a process, and the location and status (alive, or dead) of each creature as shared variables. A creature can swim from one sector to any adjacent sector. When a shark enters a sector, it will attack and kill all the sh in that sector before it leaves. The speed and direction are xed for each creature. The speeds of sharks are uniformly distributed between 50 and 100 units per second, and those of sh between 10 and 20. The direction of each creature is uniformly distributed between 0 and 360 degrees.
The size of the ocean is 3200 by 1600 units, and is divided into a 824 matrix. The initial ratio of sh to sharks is 6 to 1. The number of resident creatures varies in each run, ranging from 56 to 224 creatures. When the parallelized sharks world program was run on the simulator, the potential speedup for 8 processors is as high as 7.45. However, for 32 processors, the potential speedup is at most 16.93 with 224 creatures (see gure 8). This is because interactions between creatures will limit the amount of concurrent execution. For example, when more processors are used, more creature processes can be executed concurrently. Since the sharks in the same sector may attack the same sh, therefore, more interactions are observed.
Example 3: Tra c Control Simulation
The trac control simulation consists of a number of intersections which are controlled by trac lights. To reach its destination, each car has to drive from its starting point through a sequence of intersections. When arriving at an intersection, a car will be enqueued in the lane if other cars are present. It is dequeued when it is its turn to cross the intersection. Three types of processes are used, a car process, which models the itinerary of a car, a light control process, which changes the status of all lights, and a generation process, which continuously generates a car process. When a car is enqueued, it suspends itself until it is reactivated by other processes. In this benchmark, trac lights are modeled as shared executed that are committed (the eciency) decreases from 95.6% to 64.5% as the number of processors increases from 16 to 64 when the message population is 256. The decrease in the committed event rate is more pronounced when the population is small. Three SIMSCRIPT II.5 benchmarks were used in our initial experiments. The rst example is an event-oriented queuing network simulation. The second is a process-oriented sharks world [4] simulation, and the third is a simplied trac control simulation. The performance metric used is the potential speedup, dened as the ratio of execution times between n and a single processor. The execution time of a single processor is dened as the time spent to execute the application code. It does not include the event list overhead.
In the following, we present the results assuming zero overhead, then measurements with overheads included.
Example 1: 64 node hypercube queuing network
The rst example is a simulation of a closed queuing network congured as a 64-node hypercube. This benchmark bears some resemblance to simulations of communication networks, and has been a widely used benchmark in PDES research. In this example, messages may be sent from one node to any adjacent node. This benchmark is programmed with only events. Two events are used to model each hop. One is for the departure, and the other for the arrival at the adjacent node. Messages at a node are processed in rst-come-rst-serve order. An arrival event schedules a departure event with timestamp increment corresponding to the waiting time in the queue plus a service time. The service time of each arrival is selected from a stream of random numbers with an exponential distribution with a mean of 5 time units. The simulated system is a closed network with zero-delay transmission, so a departure event schedules an arrival event immediately. There is a server at each node. Each node uses two variables: the local clock, and the number of messages at the node. Both are mapped to STM data objects in the translated program.
Several runs are performed with message populations ranging from 64 to 256. When the parallelized version runs on the simulator, the measured potential speedup is signicant. With 16 processors, the average potential speedup is about 15. It is because this benchmark contains much parallelism. The ratio of potential speedup and the number of processors decreases slightly as the number of processors increases. It is because there is more interference between events at the same node, so, more rollbacks occurred. However, even with 64 processors, the potential speedup could still be as high as 46.55 when the message population is 256 (see gure 6). As shown in gure 7, the percentage of all events A simulator of the parallel execution has been developed for verifying the approach and evaluating performance of the proposed parallel system. The current implementation of the simulator includes features of STM and interactions between processes.
The Simulator
The simulator uses a light-weight threads package called CTHREAD [11] . A scheduler is used to dispatch scheduled events to processors. Scheduling is based on the smallest timestamp policy, i.e., the globally smallest timestamped event would execute rst. Once an event is assigned to a processor, it does not release the processor unless it nishes its execution or is rolled back. Rollbacks are performed immediately once a data dependency violation is detected. Currently, it is the responsibility of the processor executing the event that caused the rollback to undo the errors caused by the rolled back events and to return these events to the scheduling queue. An event attempting to read an STM version which is under writing by another event must wait until the write operation is completed.
The execution time of a translated program is measured by counting the number of statements that are executed. We assume that each statement of the translated C program takes one unit of simulated time to execute. The generation of the embedded code to count the number of executed statements is automated. We present results where the overhead of rollbacks and STM accesses is negligible, as well as experiments where it is not. These overheads include traversal of STM to locate a proper version of an object, logging access information, clearing premature accesses and execution (i.e., rollbacks), and maintaining the the shared variable number.of.customer, and another for time.of.arrival. Each entry points to an object of S E bytes allocated by STM. Any access to a shared variable must uses the functions dened by STM and typecast to the appropriate type (see gure 4). Similarly, event list operations and process interactions are translated into function calls to the runtime library (see gure 5).
DEFINE NUM ER.OF.CUSTOMER AS AN INTE ER NUM ER DEFINE TIME.OF.ARRIVAL AS A REAL NUM ER translated to:
Ma ta le *num er_o _customer; Ma ta le *time_o _arrival; ... The parallelization system denes a function called roc t rr t that uses the retraction primitive to retract the event for the interrupted process, then records the remaining waiting working time.
, for resuming an interrupted process. For example, the statement RES E customer, puts the customer notice back into the event list. The process will resume executing when the notice is processed.
The parallelization system denes a function called roc s that uses the scheduling primitive to schedule an event for the resumed process. The scheduled event has the timestamp of the current time plus the saved remaining waiting working time when it was interrupted.
, for a process to suspend itself. The only format for this construct is simply S S END. This statement signals the end of the current event. As in the -statement, it keeps the notice intact. A parallel implementation requires the current event release the processor to another event.
, for reactivating a process after it has been suspended. For example, the statement, RE E S customer N W, puts the customer process back into the event list. The parallel implementation of this construct is similar to . e r lleli ion s e
The parallelization system consists of two parts. The rst is a translator that takes a SIMSCRIPT II.5 program and translates into an equivalent C program with embedded calls to Space Time Memory for accesses to global variable. The second is a library of runtime support for optimistic parallel execution described earlier.
A data structure called the maptable is dened to provide a mechanism of mapping simulation state variables into STM data objects. In the translated program, a maptable entry is dened for each state variable, and any access to it must go through the maptable. In other word, the maptable provides a handler for simulation programs to access state variables stored as STM objects. Each entry of the maptable has two elds: a pointer to a data object in STM, and an address oset (in bytes) of that state variable within the data object. Figure 3 shows a segment of SIMSCRIPT II.5 declarations and its translated equivalent.
In this example, a maptable entry is allocated (by malloc, the memory allocation in C) for variable ta eoff is marked as destroyed in Space Time Memory (see  below) .
, for activating a process. For example, the statement, E customer N 0 N ES, will start a process called customer. The starting time for this process is 10 minutes from the current simulated time.
To implement this operation, a function called roc ct at is dened. This function creates a process notice (see below), and schedules an event for the process (see ).
, for creating an event or a process. On executing this statement, a notice is created (i.e., memory is allocated), but not inserted into the event list. For example, the statement, ta o , allocates memory for a notice representing a takeo event process. The parallel implementation of this construct allocates memory from STM (using a ) for the event process notice.
, for destroying an event or a process and reclaiming the memory used for its representation. It is assumed that the event process is not currently in the event list. Because the destroy may be rolled back, this operation is implemented by marking the notice as destroyed (using ras ), rather than reclaiming the memory immediately. The memory is freed only when the operation is committed.
, for a process to denote the passage of simulated time. For example, the W 0 N ES statement puts the process notice back into the event list, and will be executed 10 minutes from the current simulated time. This statement signals the end of the current event.
To implement this operation, a function roc or roc a t is dened in the parallelization system. This function uses the scheduling primitive to schedule an event for itself, then halts its current execution, and releases the processor to another event.
, for interrupting a process. For example, the statement, N ERR customer, temporarily removes the process notice denoting customer from the event list. The removed process notice must be kept intact for resumption. A process can be interrupted only if it is executing a statement. When interrupted, the amount of remaining waiting working time is saved. event list are sorted by their simulated time. One notice is removed from the global list at a time, and the corresponding event process routine is executed. 5 .1 SI SC I T II.5 Constructs nd Their aralleli ation SIMSCRIPT II.5 provides a number of constructs to model the interaction between events processes, and each of them can be mapped to the primitives dened in the framework. A SIMSCRIPT II.5 process is built on top of events, i.e., a process may be viewed as a sequence of events.
The dierence between an event and a process is when an event nishes its execution, its event notice is discarded. When a process nishes its current event, its notice is saved. When the process is rescheduled, the saved notice is inserted into the event list. Thus, SIMSCRIPT II.5 applications may be considered as event oriented.
Specic SIMSCRIPT II.5 constructs and their implementation in the parallelization system are described as below. Each construct starts with the description of its usage and operation in the sequential execution, followed by a brief discussion of how it is implemented in the parallelization system. , for scheduling an event. For example, the statement, S ED E ta eoff N W, schedules an event called ta eoff at the current simulated time. An event notice is inserted into the event list. A global variable ta eoff is used as an event handler.
There is a critical issue that must be resolved for the parallel implementation of this construct. That is, SIMSCRIPT II.5 allows one to schedule events with zero timestamp increment, while Time Warp does not. A straightforward solution is to append a tag to a timestamp to make it unique. Thus, the timestamp in the parallelization system consists of the simulated time specied by SIMSCRIPT II.5 and a tag. The tags of the same timestamped events must be assigned values that would preserve their sequential execution order. This can be determined from the timestamps of the events that schedules them. This construct can be directly mapped to the event scheduling primitive. The global variable ta eoff is stored in Space Time Memory.
, for canceling an event. For example, the statement, N E ta eoff, cancels the takeo event. The event notice representing the takeo event (pointed by the event handler ta eoff) is removed from the event list, and discarded.
It can be directly mapped to the event retraction primitive. As described in section 4.2, the event is marked as cancelled, but still remains in the event list. Similarly, the global To allow rollback, the retraction operation (i.e., DE primitive) must not discard the retracted event from the event list. Instead, it leaves the event in the event list and marks it as retracted. Rolling back a retraction operation need only remove the mark of the previously retracted event [10] . To undo the eect of processing an event, each event carries the following information concerning the operations it performed: (1) events it scheduled, (2) events it retracted, (3) variables it created, (4) versions it created, (5) versions it read, and (6) variables it disposed. Discarding a version also implies that all of the events that read or wrote any newer version of the state variable must be rolled back.
In many simulation languages, an event may examine the event list (i.e., EE primitive). Because the operations may depend on the outcome of this examination, it is necessary to detect changes in the outcome caused by changes in the event list. One approach is to store a representation of the event list in the Space Time Memory. When an event examines the event list, the information is recorded. Subsequent changes to the event list at earlier points in simulated time will necessitate a computation to determine if a rollback is necessary. This approach is currently under investigation, and will not be discussed further in this paper. We choose SIMSCRIPT II.5 as the language for this case study for two reasons. First, SIMSCRIPT II.5 is a widely used language, so automatic parallelization of SIMSCRIPT II.5 programs has some practical signicance. Secondly, SIMSCRIPT II.5 is a relatively old programming language developed in the 1960s, and was not designed with any consideration for parallel processing. This makes it a challenging language for automatic parallelization of existing sequential DES languages. Details of the language are described in [1, 15] .
The structure of a SIMSCRIPT II.5 program consists of a declarative part and an executable part. The declarative part, called the PREAMBLE, denes all of the global variables, modeling elements such as events and processes, and metrics of the system to be measured. The executable part contains a mandatory MAIN routine, a routine for each type of event and process declared in PREAMBLE, and miscellaneous supporting routines for function and procedure calls.
SIMSCRIPT II.5 was originally designed to use a sequential execution mechanism. When an event process is scheduled, a data structure (called event process notice) representing the event process is inserted into a global event list. The notices in the global r t ar , al modies a data object. It creates a new version of a data object ( ar ) whose new contents will be al . Events that have accessed versions of this object at higher points in simulated time will be rolled back and re-executed. It is an implementation of the primitive.
a ar : rs o reads the contents of a data object. It searches through the versions of a data object( ar ), and returns a pointer to the most recent (in simulated time) rs o . It is an implementation of the primitive.
ras ar reclaims the memory allocated to a data object. It deallocates the memory which is allocated to a data object( ar ) by the operation a . To allow rollback, the implementation of this function must ensure that the actually deallocation of memory is not done until the deallocating event is committed. That is, when a data object is to be erased, it is indicated with a mark. If the erase operation is rolled back, the mark is cleared o, hence un-erased. It is an implementation of the primitive.
Rolling back an event entails undoing any actions it might have done, e.g., writes to other objects and may result in a cascade of rollbacks, as in Time Warp. Details of this mechanism are described elsewhere [5] .
During a simulation, STM maintains the following information for each data object: (1) the simulated time at which it was created, (2) the simulated time at which the object was deleted, and (3) a list of versions. Each version also records: (1) the creation time, i.e., the timestamp of the event that executed a write to create this version, (2) the event that created the version, and (3) a list of events that have read this version. With this information, STM is able to determine the set of events that need to be rolled back on a write operation.
Event Set Operations
Optimistic parallel execution uses rollback to correct erroneous computations. Thus the system must be able to undo the operations on the event list. The event list can be either centralized or distributed. Rolling back the schedule operation (i.e., SE primitive) is accomplished by using an anti-message like mechanism (similar to Time Warp [7] ) to annihilate the previous scheduled event(s) (see [5] for details). Here, we assume the parallelized program executes on a shared memory multiprocessor. The execution mechanism is a simple generalization of the event list mechanism used by sequential simulators. Specically, each processor repeatedly removes the smallest timestamped event from the event list, and then executes simulation code to process that event.
The simulation code is functionally similar to that of a sequential simulator. The runtime system ensures that the parallel execution achieves the same results as the sequential execution.
Two critical issues must be addressed before the above approach to parallelization can provide the same results as the sequential execution. First, two concurrently executing events, each containing a dierent timestamp, may access a common state variable. Consider two events, one with timestamp 10 and the other 20, that both access a state variable . Should hold the value that existed at simulated time 10, or the value at time 20 To address this question, we use an abstraction called Space Time Memory (STM) [2, 5, 18 ] and a computation model based on optimistic computation, i.e., rollbacks are used to synchronize computation.
The second problem concerns the EE primitive that access the event list. At any point in time, the event list in the parallel execution will be substantially dierent from that of the sequential execution. This is a more dicult problem than the rst. We suggest a possible solution for this problem, but the central focus of this paper is on using space-time memory to support shared state variables.
Space Time emory
The optimistic execution mechanism processes events containing dierent timestamps concurrently. Since events with dierent timestamps may have dierent views of the system state, it is imperative for each event to get the view that existed at its timestamp. Because our computation model uses a shared memory computing platform, STM is designed to address the shared state problem by maintaining multiple versions of each state variable.
Conventional memory can be viewed as a one-dimensional array of values, which can be addressed by specifying a spatial address. STM, on the other hand, is organized as a two-dimensional array (see gure 2), in which each memory location is addressed by a row (spatial) as well as a column (temporal) coordinate. An event with timestamp T will perform other hand, optimistic approaches allow dependence violations to occur, and use a rollback mechanism to recover. Because optimistic methods can exploit parallelism in situations where dependence violations might occur, but actually do not, they oer the advantage of exploiting more parallelism than conservative approaches. Currently, simulation programs using these approaches must be written explicitly for parallel execution.
Other approaches have been proposed for concurrent execution of se uential simulation programs. The replicated trials approach executes independent copies of the simulation on separate processors. This is a suitable approach when collecting data over a wide range of parameter settings, or when long simulation runs are needed to reduce the variance of output statistics. The memory requirements for this technique are large, however, because times the memory of a sequential execution are required when using processors.
Like the replicated trials approach, the functional speciali ation method does not require modications to the sequential simulation program. Dedicated processors are used to execute frequently used functions such as random number generation and event list manipulation. However, this approach only oers a limited amount of speedup [3, 12] .
Much research has been completed concerning compilation techniques to identify data dependence relationships between operations, typically iterations of DO-loops, in order to parallelize arbitrary sequential programs [13, 17, 19] . The work in parallelizing compilers is applicable to PDES as it can provide some useful dependence information, however, the general problem of identifying all data dependence constraints in DES is very dicult. This is because many of the data dependence relationships in DES cannot be determined at compile time. For instance, many dependencies depend on timestamp values, which are not known until after execution begins. r e or for ro r s
In our parallelization system, a common framework is rst dened to which sequential discrete event simulation programs are mapped (see gure 1). In our framework a DES program maintains two sets { a set of state variables , and a set of unprocessed events, .
The former is used to describe the system state of the model, and the latter to specify state changes that will occur in the simulation future. During the execution of an event, one or more of the following four operations may be performed on the state variable set: (1) Discrete event simulation (DES) has long been a widely used technique for analyzing the behavior of complex dynamical systems such as communication networks, computer systems, and combat scenarios, to name a few. These applications often require excessively long execution times on sequential machines to obtain useful results. As multiprocessor computers become more widespread, parallel execution of discrete event simulation programs (PDES) oers great potential for solving this problem.
However, developing parallel simulation software is not only time-consuming but also requires much more training and experience than developing sequential software. Further, in many cases, it is impractical, if not impossible, for users to abandon large sequential simulation programs that they have been developing and using. It is clear that there would be enormous benet if these sequential programs could be readily translated into parallel programs.
In this paper, we will present a method to automatically translate a sequential DES program into an equivalent parallel version. The remainder of the paper is organized as follows: in section 2, we will review related work. A standard framework is described in section 3 that denes a common set of simulation primitives that are used by many existing sequential simulation languages. In section 4, we describe how these primitives can be parallelized. In section 5, we describe a case study examination of SIMSCRIPT II.5, a widely used sequential simulation language, and show how it is mapped to the framework. A prototype implementation of a parallelizing SIMSCRIPT II.5 compiler is described in section 6. Section 7 presents preliminary performance data from three SIMSCRIPT II.5 benchmark programs, and section 8 presents conclusions.
Rel e or
Much of the work in PDES that has been reported thus far is concerned with synchronizing concurrently executing event computations. A number of synchronization protocols have been proposed (see [6] for a survey of these techniques.) These protocols may be categorized as conser ati e or optimistic. Conservative approaches strictly avoid any possibility of violating dependence relationships arising from concurrent execution of events. These approaches use a mechanism to determine whether it is safe to process an event. On the 
